Theoretical and experimental AC loss data on a superconducting pancake coil wound using second generation (2 G) conductors are presented. An anisotropic critical state model is used to calculate critical current and the AC losses of a superconducting pancake coil. In the coil there are two regions, the critical state region and the subcritical region. The model assumes that in the subcritical region the flux lines are parallel to the tape wide face. AC losses of the superconducting pancake coil are calculated using this model. Both calorimetric and electrical techniques were used to measure AC losses in the coil. The calorimetric method is based on measuring the boil-off rate of liquid nitrogen. The electric method used a compensation circuit to eliminate the inductive component to measure the loss voltage of the coil. The experimental results are consistent with the theoretical calculations thus validating the anisotropic critical state model for loss estimations in the superconducting pancake coil.
I. INTRODUCTION
Substantial efforts have been made over the past 10 years to understand the complex interactions of AC currents and Superconducting pancake coils wound using secondmagnetic fields with 2 G materials in simple tapes and generation (2 G) high-temperature superconductors (HTS) are cables. 8, 9 There is, however, a need for reliable techniques for promising for superconducting electrical power devices, such AC loss measurement in coils, which is one of the most com as superconducting motors, generators, transformers, magnetic mon form 2 G conductor encounters in electric power devices. energy storage systems, and fault current limiters. SuperconCalorimetric techniques offer advantages in versatility in coil ducting windings are essential components in these devices.
size and geometry. However, there are limitations in sensitivTherefore understanding the electromagnetic behavior as well ity and extensive experimental equipment related to calori as calculating the AC losses of superconducting pancake coils metric measurements. Electromagnetic methods often require are important for predicting the heat load during the operation relatively simple equipment for measurements on smaller size of superconducting electrical devices. There have been a few samples and are fast in response to AC input. Due to the na papers on calculating the coil AC losses using different techni ques such as the finite element method, 1 3 and was further developed in study is similar to the one used for short samples, but with extended applicability that involves effectively eliminating Refs. 4, 6, and 7. The assumption of this model is that the large inductively coupled signals. magnetic flux lines are parallel to the tape wide faces in the subcritical region in the coil. 4 In the critical region there One of the reasons of studying AC losses in pancake coils of 2 G HTS tape is that there exists a rather large perexists critical current density determined by the magnetic pendicular magnetic field component to the tape wide face field, while in the subcritical region there exists much when transport current is passed through the coil. Perpendic smaller current density. Previous papers considered the ular field component affects significantly both the critical impact of just the perpendicular magnetic field on the critical current density and AC losses. The electromagnetic propercurrent density. In this paper, both the perpendicular and the ties, particularly AC loss behavior of coils when exposed to parallel magnetic field components are considered when the significant perpendicular field component needs to be undercritical current density is calculated.
stood to optimize the design of superconducting electric power devices. This paper reports theoretical and experimen a)
Author to whom correspondence should be addressed. 8 and an approximation study of critical state in coils using superconducting tapes have been introduced in Ref. 9 . The first step to solve the problem is using an approxi mation that the superconducting region is expanded to the whole thickness of the tapes. When a superconducting pan cake coil is carrying a current, we are assuming it has two regions, critical state region and subcritical state region. To simplify the problem, the critical boundaries distinguishing critical and subcritical regions are assumed to be parabolae. Since in superconducting pancake coils the superconductors are packed closely together, we have made another assump tion that the magnetic flux lines cannot penetrate into the sub critical regions thus they are parallel to the superconductor wide face in the subcritical region, i.e., the perpendicular mag netic field B z is zero in the subcritical region. Figure 1 presents a picture describing the critical state in the superconducting pancake coil. This picture shows the cross section area of the coil. The red parabolas represent the critical boundaries, the subcritical region is inside the red parabolae, and the critical region is outside the red parabolae. The x-axis values of the intersection points of the red parabola and the x-axis, top/bottom surface of the coil are c 1 , c 2 , and c 3 , respectively. a is the half width of the superconducting tape, b is the half height of the superconducting pancake coil.
According to the critical state theory, the critical current density J c flows in the critical state region of tapes. The criti cal currents of tapes are affected by both perpendicular and parallel field components, although the perpendicular field has larger impact. In the subcritical region, there is a much smaller current density J m to guarantee each tape carries the same transport current since the tapes are wound in series into a superconducting pancake coil. On the other hand, the magnetic field in the superconducting pancake coil is deter mined by the current density in the coil. Therefore if we know the critical boundary, i.e., the parabolae, we can solve the equation system (1) below,
By solving equation (1) we can get the current density and magnetic field distribution in the superconducting pancake coil, hence we can calculate the perpendicular magnetic field B z in the subcritical region. If we change the parame ters of the critical boundaries, we will get different values of B z in the subcritical region. Therefore, solving the criti- cal state problem becomes an optimization process of the critical boundaries which minimizes B z in subcritical region.
Having solved the critical state in the superconducting pancake coil, we can calculate the AC losses when the coil is carrying a AC transport current. The AC losses in the first quarter starting from a virgin state in the coil would be
Àb cðzÞ
The microscopic physical interpretation of this formula is the summation of the energy dissipated by vortices as they move a distance a-x from the edge to their final positions; the force per unit length is U 0 J c, where U 0 ¼ h=2e is the superconducting flux quantum and the density of vortices is B z ðx; zÞ=U 0 . 3 The macroscopic interpretation of this formula is the integration of the energy density J E, according to Faraday's law, E ¼ ÀdB(a-x)/dt, the integration of E over time will be B(a-x).
There are two ways to calculate the AC losses in a full AC cycle, one way is to calculate critical states at different time steps in a full AC cycle and hence the AC losses, the other way is to only calculate the critical state at the cur rent amplitude in a fully AC cycle and use 4Q 0 to estimate the AC losses. In Ref. 7 we have demonstrated that the AC losses Q in a full cycle will be close to 4Q 0 , the error of the AC losses by simply using 4Q 0 compared to calculating critical states in a full cycle is less than 7%, which is ac ceptable for engineering applications. In addition, using 4Q 0 only requires us to solve the critical state at the current amplitude in a full AC cycle, which is much faster than solving critical states at different time steps in a full AC cycle. Figures 2-4 below present a solution example of the critical state of coil a when its transport current is at 25 A. From Fig. 2 we can see that the magnetic flux lines are paral lel to the superconducting tapes in the middle subcritical region. The red parabolae represent critical boundaries dis tinguishing the critical and subcritical regions, while the other color lines represent the magnetic flux lines. Figure 3 show the current density in the coil, and we can find that in the critical region there is a much smaller transport current density. Figure 4 presents the magnetic field distribution in the superconducting pancake coil. 
III. EXPERIMENTAL SETUP FOR AC LOSS MEASUREMENT
A. Coil specification and winding Table I summarizes the specifications of the pancake coil fabricated. The coil was wound using insulated tape by GE varnish. The conductor was purchased from SuperPower Inc. that uses the ion beam assisted deposition (IBAD) process 10 and has 40 turns.
B. Calorimetric method
Transport AC loss in the coil was measured in boil-off chamber as seen in Fig. 5 . The liquid nitrogen boil-off mea surement technique is based on enclosing the HTS coil in a sealed fiber glass reinforced epoxy experimental chamber filled with liquid nitrogen. The heat caused by the AC losses boils the corresponding amount of liquid nitrogen. The evaporated nitrogen gas comes out of the chamber through stainless steel outlet tubes to the flow meters. The gas is at the room temperature before it reaches the flow meters. The rate of gas evolution is measured using calibrated nitrogen gas flow meters in standard liters per minute (SLPM). The measured nitrogen gas flow rate can be used to directly infer the extent of AC losses. To minimize the heat leak from outside, the experimental chamber is immersed in liquid nitrogen contained in an external dewar. The liquid nitrogen in the external container intercepts heat from the current leads in addition to maintaining zero temperature gradient between the inside and outside of the experimental chamber.
The external nonmagnetic stainless steel cryostat (dewar flask) is 181 cm in height and 31 cm in inner diameter. The ex perimental calorimetric chamber is 91 cm in length and 14 cm in inner diameter. It has a stainless steel ConFlat flange and hangs inside the outer cryostat concentrically. The top flange of the experimental chamber was sealed with copper gasket creating a cryogenic and vacuum tight seal when the experi mental chamber is immersed in liquid nitrogen in the outer cryostat during experiments. For large flow rates, two flow meters were used in parallel to prevent pressure buildup in the chamber.
A resistive heater in the experimental chamber was used to confirm the accuracy and linearity of the liquid nitrogen boil-off measurement setup. Calibration was performed using a heater with 13 X resistance and a constant current source. The system was tested for accuracy up to 130 W of input power. The slope of flow rate versus heat input plot, as depicted in Fig. 6 was found to be 0.2457 SLPM/W, agreeing well with the theoretical value of 0.25 SLPM/W. 9 
C. Electrical method
The pancake coil was supplied with an AC current using a power amplifier controlled by a function generator. The voltage loss signal from potential taps between the ends of the coil is superposed with very high inductive component that can be eliminated using cancellation coil by eliminating any phase difference between the source current and the measured voltage signal. The Lussajous curve pattern was used to indicate the phase difference between two sine waves of the same frequency for fine compensation of the inductive component. Figure 7 shows the circuit diagram of the transport AC loss measurement by the electrical method with high accu racy data acquisition (DAQ) system. Only the resistive com ponent of the voltage across the coil represents the ac loss. The signal from the tunable cancellation coil was connected in anti-series with the signal from the voltage taps of the superconducting pancake coil to compensate the inductive component. The cancellation voltage was adjusted to mini mize the phase difference between the input current (to the coil) and the voltage signal sum from the superconducting pancake and cancellation coil combination. The cancellation wire is using very thin wires to eliminate eddy current losses. Therefore the resulting voltage represents only the resistive component and hence was recorded as the loss voltage.
The voltage signal of the pancake coil was amplified by an isolation amplifier and passed through a band-pass filter in order to enhance the signal-to-noise ratio and remove the harmonic components using a high accuracy DAQ measure ment system with the LabVIEW program. The transport AC loss of the pancake coil per cycle is given as
where f is frequency, I rms and V rms are in-phase current and voltage, respectively. 
IV. COMPARISON OF SIMULATION AND EXPERIMENTAL RESULTS
Figures 8 and 9 present the comparison between the ex perimental results and the theoretical calculations. We could find that the results are generally consistent. Figure 8 gives the comparison between the calorimetric measurement results and the theoretical calculations. The results are con sistent in the full experiment range. Figure 9 presents the comparison between the electric measurement results and the theoretical calculations. We can find from Fig. 9 that there is a discrepancy between the theoretical and experi mental results at large currents. This is mainly coming from the modeling work. From Eq. (1), we can accurately calcu late Ic using the data in Table II when the field is not large. However, Ic will be underestimated when the field is large, hence results in an overestimate of AC losses at large cur rents. The discrepancy at small currents is mainly coming from the electrical measurement results at high frequencies. The electrical measurement results are larger than the calcu- lation because there is a relatively large eddy current loss, although we can find that the calculation is consistent with the measurements at low frequencies.
V. SUMMARY AND DISCUSSIONS
This paper presents an anisotropic critical model for 2 G superconducting pancakes carrying AC transport currents. In the critical region of the coil there is a critical current den sity, while in the subcritical region there is a much smaller transport current density which guarantees each tapes carries the same transport current. This model assumes in the sub critical region of the coil the magnetic flux lines are parallel to superconducting tapes. By using this model we can solve the critical state in 2 G superconducting pancake coils.
To validate this model, experimental set-ups have been built to measure the transport AC losses in the superconduct ing pancake coils. Two different methods, electric and calo rimetric method, were used in the experiments. The experimental results are consistent with the model calcula tions and hence validate the anisotropic critical state model.
We have to point out that this model might not be appli cable to the coils made of superconducting tape with a ferro magnetic substrate, since it only considers the losses in the superconducting layer. Further modifications will be applied to this model to take into account the ferromagnetic substrate of 2 G superconducting tape.
